Background: Cell cycle-arrested cancer cells are resistant to conventional chemotherapy. Results: Microarray analyses showed that expression of RFPL4A was significantly up-regulated in these G 1 -retained cells. Conclusion: RFPL4A is a novel factor inducing G 1 retention and reduced sensitivity to chemotherapy. Significance: Combination therapy using RFPL4A inhibition and conventional anti-cancer drugs may represent a promising therapeutic approach for intractable cancer patients. 3 The abbreviations used are: ROS, reactive oxygen species; CSC, cancer stem cell; 5-FU, 5-fluoroacil; ROC, receiver operating characteristic; Fucci, fluorescence ubiquitin-based cell cycle indicator; ANOVA, analysis of variance; qPCR, quantitative PCR; G fraction, green-fluorescing S/G 2 /M fraction; R fraction, red-fluorescing G 1 fraction; RR fraction, red-fluorescing retained fraction.
Cell cycle-arrested cancer cells are resistant to conventional chemotherapy that acts on the mitotic phases of the cell cycle, although the molecular mechanisms involved in halting cell cycle progression remain unclear. Here, we demonstrated that RFPL4A, an uncharacterized ubiquitin ligase, induced G 1 retention and thus conferred decreased sensitivity to chemotherapy in the human colorectal cancer cell line, HCT116. Long term time lapse observations in HCT116 cells bearing a "fluorescence ubiquitin-based cell cycle indicator" identified a characteristic population that is viable but remains in the G 1 phase for an extended period of time (up to 56 h). Microarray analyses showed that expression of RFPL4A was significantly up-regulated in these G 1 -arrested cells, not only in HCT116 cells but also in other cancer cell lines, and overexpression of RFPL4A increased the G 1 population and decreased sensitivity to chemotherapy. However, knockdown of RFPL4A expression caused the cells to resume mitosis and induced their susceptibility to anti-cancer drugs in vitro and in vivo. These results indicate that RFPL4A is a novel factor that increases the G 1 population and decreases sensitivity to chemotherapy and thus may be a promising therapeutic target for refractory tumor conditions. During normal proliferation, mammalian cells withdraw from the cell cycle only when deprived of growth factors or exposed to growth inhibition signals during the early to middle G 1 phase, before passing the restriction point controlled by the Rb/E2F transcription factor. Once past that point, cells are committed to undergo one round of DNA replication and cell division (1) . However, genotoxic stresses, such as irradiation and reactive oxygen species (ROS), 3 can transiently halt cell cycle progression at the G 1 , S, or G 2 check point. The G 1 check point represents the major machinery for responding to DNA damage and is regulated by the p53/MDM2-p21 pathway, which is capable of inducing sustained and sometimes permanent G 1 arrest (2) . The G 1 checkpoint involves two critical tumor suppressors governed by p53 and RB, both of which represent major mechanisms commonly deregulated in many human cancers (3, 4) .
In contrast, cell cycle-arrested cancer cells, such as cancer stem cells (CSCs), constitute a minor population of cancer cells that cause latency and the initiation of cancers, with several characteristic properties, including a self-renewal capacity, pluripotency, and quiescence (5) . Recent evidence suggests a hierarchical model for cancer development, with a characteristic fraction of dormant CSCs remaining in the G 0 /G 1 phase of the cell cycle that are resistant to conventional chemotherapy (6 -8) . Thus, past research has investigated novel cancer treatments targeting these dormant cells. For example, novel therapies are being tested for their ability to inhibit the action of Fbxw7, a key factor that maintains quiescence of leukemia-ini-tiating "stem" cells, leading to an increase in sensitivity to chemotherapy (9, 10) .
These previous studies shed light on the importance of cell cycle regulation in cancer cells, especially in the control of G 1 arrest. Using long term time lapse observation of human colorectal cancer cells, we noticed a characteristic population that was viable but did not enter the cell cycle, remaining in a sustained G 1 phase; these cells could be regarded as similar to so-called CSCs. Exhaustive expression analyses showed that RFPL4A was significantly up-regulated in this population, and this molecule induced G 1 retention, resulting in decreased sensitivity to chemotherapy.
EXPERIMENTAL PROCEDURES
Cell Lines and Reagents-The human colon cancer cell lines HCT116, HT29, and DLD1 were obtained from the American Type Culture Collection (ATCC, Manassas, VA). These cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 100 mg/ml streptomycin at 37°C in a humidified incubator with 5% CO 2 in air.
Establishment of Fluorescence Ubiquitin-based Cell Cycle Indicator (Fucci) Cell Lines-The mKO2-hCdt1(30/120) cells (provided by Dr. Miyawaki, RIKEN Brain Science Institute, Wako, Japan) were cloned into the CSII-EF-MCS vector (provided by Dr. Miyoshi, RIKEN BioResource Center, Tsukuba, Japan) and transfected into HEK293T cells with packaging plasmids (11) . Stable transformants were selected using a FACSAria cell sorter (BD Biosciences). Fucci green (mAG) and Fucci red (mKO2) were excited using a 488-nm laser, and their emissions were detected using 530/30 and 585/42 band pass filters, respectively.
Time Lapse Imaging-Time lapse imaging was performed every 1 h using a confocal A1 microscope system (Nikon, Tokyo, Japan) equipped with a humidified imaging chamber (Nikon) at 37°C, 5% CO 2 in air. Time lapse images were analyzed using the NIS-Elements software (Nikon).
Flow Cytometry-Both mKO2 and mAG were excited by a 488-nm laser. Fluorescence signals were collected at 530 nm (530/28 band pass) for mAG and at 575 nm (575/26 band pass) for mKO2. Cell data were analyzed using the FACSCanto II or FlowJo software (Tree Star, Ashland, OR) and isolated using a FACSAria II cell sorter equipped with the FACS Diva software (BD Biosciences).
Sphere Formation Assay-We cultivated cells as hanging drops at a density of 1 ϫ 10 3 /100 l in 6-well ultra-low attachment plates (MD6 with lid, low cell binding; Thermo Fisher Scientific). Cells were grown in serum-free medium containing 2 mM L-glutamine and 4.5% glucose and supplemented with B27 (MACS), N2 (Wako), 10 ng/ml EGF (Invitrogen), and 10 ng/ml basic fibroblast growth factor (Funakoshi). Sphere formation was assessed 14 days after seeding. Spheres were defined as cell clusters with diameters greater than 100 m. In each of the 3-6 wells, the number of formed spheres was calculated.
ROS Assay-The ROS assay was performed as described previously (12) . Intracellular ROS levels were determined by incubating the cells for 30 min at 37°C with 5 M CellROX Deep Red reagent (Invitrogen) in complete medium, followed by flow cytometry.
Quantitative Real-time RT-PCR and Protein Analysis-Total RNA was isolated using the Maxwell 16 LEV simplyRNA purification kit (Promega). Quantitative real-time PCR, preparation of cell lysates, and Western blotting were performed according to standard protocols. The primers used are listed in Table 1 . The antibodies used for Western blotting are listed in Table 2 .
Fucci Signal-based Microarray Analysis-Microarray analysis was performed as described previously (13) . Briefly, the microarray platforms used in this study were Whole Human Genome Microarray 4x44K version 2 (G4845A) (Agilent Technologies, Santa Clara, CA). In total, 100 ng of total RNA derived from the 1.0 -2.0 ϫ 10 5 Fucci red cells were extracted using an RNeasy kit (Qiagen, Venlo, Netherlands) and then reverse transcribed and labeled using a low input Quick Amp labeling kit (Agilent) following the manufacturer's instructions. Raw data were imported into GeneSpring GX 11.0 (Agilent) for database management and quality control. The -fold change values were calculated as the ratio of the normalized value between the redfluorescing retained (RR) and the red-fluorescing G 1 (R) cells. The data have been deposited in GEO as GSE61088.
Immunocytochemistry-Cells were grown in incubation chambers coated with BioCoat collagen I (BD Biosciences).
TABLE 1 Primer pairs used for real-time qPCR for verifying Fucci microarray data
The expected molecular size in bp is indicated.
Forward (5-3)
Reverse ( Immunocytochemistry was performed as described previously (14) . All images were obtained using an A1 confocal microscope (Nikon). In all cases, the mean RFPL4A fluorescence intensity over the whole cell area was measured using the commercially available software NIS-Elements (Nikon). Establishment of Overexpressing Cell Lines-A full-length cDNA of the human RFPL4A, obtained from the Kazusa DNA Research Institute (Chiba, Japan), was inserted in front of the intraribosomal entry site (IRES) of the retroviral vector pMX-IRES-Puro, via the EcoRI and XhoI sites, to obtain pMX-RFPL4A. Replication-defective retroviruses were generated by transient transfection of pMX-RFPL4A or pMX-IRES-Puro (control) vectors into PLAT-A-cells using FuGene 6 reagent (Promega, Tokyo, Japan) (15) . HCT116 cells were transduced with the resulting retroviruses as described previously (16) , positively selected, and expanded in the presence of 5 g/ml puromycin.
Establishment of Knockdown Cell Lines-MISSION shRNA plasmids for human RFPL4A (Table 3 ), a scrambled control shRNA (17) , and lentiviral packaging mix were purchased from Sigma. Lentivirus-mediated transfection of shRNAs was performed according to the manufacturer's instructions.
Cell Proliferation Assay-Isolated HCT116 cells were added to 96-well plates at a density of 5 ϫ 10 2 /well in 100 l of DMEM supplemented with 10% FBS and incubated for 5 days. Cell proliferation was assessed using the Cell Counting Kit-8 incorporating WST-8 (Dojindo Molecular Technologies, Kumamoto, Japan) following the manufacturer's instructions and a plate reader (model 680XR; Bio-Rad).
In Vivo Cell Proliferation-Female NOD/SCID mice (6 -8 weeks old; Charles River) were assigned randomly. HCT116 cells (OE-NC, RFPL4A-OE, sh-NC, RFPL4A-sh1, or RFPL4A-sh2) (2 ϫ 10 6 cells) in 0.2 ml of PBS were injected into subcutaneous tissues.
In Vivo Chemotherapy-Female NOD/SCID mice (6 -8 weeks old; Charles River) were assigned randomly. HCT116 cells (OE-NC, RFPL4A-OE, sh-NC, RFPL4A-sh1, or RFPL4A-sh2) (3 ϫ 10 6 cells) in 0.2 ml of DMEM were injected into subcutaneous tissues. When xenografts reached a volume of 50 -200 mm 3 (ϳ12-14 days after injection), 5-FU (30 mg/kg/ day) dissolved in 0.2 ml of PBS was administered by intraperitoneal injection for 2 consecutive days per week for 2 weeks (18 -20) . The estimated tumor volume (V) was calculated by the formula (21) , V ϭ W 2 ϫ L ϫ 0.5, where W represents the largest tumor diameter (in cm), and L represents the next largest tumor diameter. The individual relative tumor volume (RTV) was calculated with the equation, RTV ϭ Vx/V1, where Vx is the volume (in mm 3 ) at a given time, and V1 is the volume at the start of treatment. Results are expressed as the mean daily percentage change in tumor volume for each group of mice.
In Vivo siRNA Treatment-HCT116 cells (5 ϫ 10 6 ) were injected into subcutaneous tissues, and the resulting tumors were injected with siRNAs targeting RFPL4A (Table 4 ) or with a scrambled control siRNA, together with atelocollagen (Ate-loGene, Koken, Japan) 1 week after implantation. A 0.2-ml volume of siRNA solution (30 mol/liter in 0.5% (v/v) atelocollagen) was injected directly into the tumors. Injected siRNAs were shown to remain stable in vivo for at least 1 week when supported by atelocollagen (22) (23). 5-FU (30 mg/kg/day) dissolved in 0.2 ml of PBS was administered by intraperitoneal injection for 2 consecutive days per week for 2 weeks.
Statistical Analyses-Differences between the control and treated groups were assessed by an unpaired Student's t test or a Mann Whitney U test and considered to be significant at p Ͻ 0.05 (*, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.005). Values are presented as means Ϯ S.E. Statistical analyses were performed using the GraphPad Prism software (version 6.0; GraphPad Software). Image processing, reconstruction, analyses, and displays were performed using Imaris version 6.3 and 7.4 (Bitplane). A receiver operating characteristic (ROC) curve was used to obtain the optimal cut-off value. 
RFPL4A Induces G 1 Arrest and Confers Chemotherapy Resistance

RESULTS
Identification of G 1 -retained Cells Using Long Term Time Lapse
Imaging-Cancer cells are heterogeneous in terms of their proliferative activity. To examine the cell division status in different cells, we used time lapse confocal microscopy with a Fucci probe to detect the cell cycle status of living cells (14) . Using this method, geminin and Cdt1, nuclear proteins enriched in the S/G 2 /M and G 1 phases, are marked as green and red fluorescing proteins, respectively. We generated Fucci-expressing HCT116 human colon cancer cell lines (24) and observed their proliferative time courses by confocal time lapse microscopy. The doubling time of HCT116 cells has been reported to be ϳ21 h (25), although long term observations, up to 56 h, detected a minor population that was viable but remained in a "red" G 1 state without entering the cell cycle ( Fig.  1A and supplemental Video 1). We also collected these red G 1 cells by sorting and cultured them for an extended period of time, confirming the presence of cells remaining in the G 1 phase (Fig. 1, B and C) . We assumed that the red-fluorescing population would consist of G 1 -retained cells.
Characterization of the Red-fluorescing "G 1 -retained" Cells and Identification of RFPL4A as a G 1 -determining Factor-To characterize the long term red-fluorescing G 1 -retained cells, we attempted to enrich this fraction ( Fig. 2A ). Fucci-introduced MARCH 6, 2015 • VOLUME 290 • NUMBER 10 JOURNAL OF BIOLOGICAL CHEMISTRY 6329 HCT116 cells were first separated into R and green-fluorescing S/G 2 /M (G) fractions. The R fraction was cultured for a further 12 h, from which a red-fluorescing G 1 population (the RR population) was collected by cell sorting. R cells were cultured for an additional 12 h only because dividing S/G 2 /M cells re-enter a red-fluorescing G 1 state and merge with the long term G 1 -retained cells on further incubation (Fig. 1C ). The RR fraction was thus considered to be an enriched fraction of G 1 -arrested cells. Compared with the G and R fractions, the RR cells exhibited significantly delayed proliferation ( Fig. 2B ). Furthermore, RR cells had lower levels of ROS ( Fig. 2C ) and higher sphere-initiating capacity (Fig. 2 , D and E), suggesting stem cell-like properties of RR cells (26 -28) . The spheres of RR cells were formed at ϳ10 days ( Fig. 2F) .
RFPL4A Induces G 1 Arrest and Confers Chemotherapy Resistance
To determine the molecular basis of the G 1 arrest/maintenance mechanism, we conducted cDNA microarray-based comparative analyses between the RR and R fractions. In the analysis, 518 of 34,127 probes showed greater than 2-fold changes in expression ( Fig. 3A and Table 5 ). Among them, we noticed that a poorly characterized molecule, RFPL4A (Ret fin-ger protein-like 4A), was significantly up-regulated in the RR versus the R fraction. Two probes for the RFPL4A gene were both ranked highly (4th and 10th) among the 518 probes ( Fig.  3A and Table 5 ). The preferential expression of RFPL4A in RR cells was confirmed by quantitative RT-PCR analyses in several colon cancer cell lines, such as HCT116, HT29, and DLD1, and in non-cancer cell lines, such as HEK293 ( Fig. 3B ), suggesting a general mechanism for this characteristic regulation of RFPL4A expression among diverse cell types. To investigate the RFPL4A levels of individual cells, HCT116 cells expressing Fucci were immunostained by RFPL4A, and the intensity was compared (Fig. 3, C and D) . According to the ROC curve for the intensity (RR versus R), the optimal cut-off value was 383.78. This cut-off value corresponded to a sensitivity of 94% and a specificity of 70%. The area under the ROC curve was 0.8852. The ratio of high RFPL4A in RR was 70% (35 of 50 cells).
Overexpression of RFLP4A Increases G 1 Population and Inhibits Proliferation-To investigate the function of RFPL4A, we first established an HCT116 cell line overexpressing RFPL4A (RFPL4A-OE). Abundant expression of RFPL4A in RFPL4A-OE cells was confirmed at both the mRNA (Fig. 4A ) and protein (Fig. 4B) levels. The expression level of RFPL4A in OE cells (ϳ1,000-fold) was markedly higher than that in the control RR cells (ϳ10-fold), although it was still within the physiological range, because DLD1-RR cells expressed RFPL4A at ϳ1,000-fold higher levels compared with DLD1-R/G cells (Fig. 3B ). Microscopic examination revealed that the proportion of the red G 0 /G 1 phase population was increased in RFPL4A-OE cells (control, 53.47 Ϯ 1.14%, n ϭ 3; RFPL4A-OE, 71.12 Ϯ 2.03%, n ϭ 3; p ϭ 0.0016; Fig. 3C ). Flow cytometric analyses also showed that the proportion of the red G 0 /G 1 fraction in RFPL4A-OE cells was increased (control, 52.90 Ϯ 2.00%, n ϭ 3; RFPL4A-OE, 63.00 Ϯ 2.55%, n ϭ 3; p ϭ 0.0358; Fig. 3D ). Prolongation of the G 0 /G 1 phase has been reported to result in an increase in red fluorescence intensity because of the accumulation of Cdt1-KO (29) . Consistently, the red fluorescence intensity in RFPL4A-OE cells was significantly higher than that of the control (Fig. 4E) . Additionally, RFPL4A-OE cells were found to exhibit significantly lower proliferative activity in vitro (Fig. 4, F and G) and in vivo (Fig. 4, H-J) , also consistent with an extended cell cycle G 1 arrest. Cell proliferation (tumor progression) would also be tracked in vivo for a longer period of time (ϳ30 days), which would make the differences more prominent.
Overexpression of RFLP4A Is Associated with a Stemlike Nature and Decreased Sensitivity to Chemotherapy-Next, we examined the effect of RFLP4A overexpression on the "stemness" and resistance to chemotherapy of the cells. We found that RFPL4A-OE cells had higher sphere-initiating capacity and lower reactive oxygen species levels compared with controls (Fig. 5, A and B) , indicating stem cell-like properties of the RFPL4A-OE cells. Additionally, RFPL4A-OE cells showed higher viability in the presence of 5-FU in vitro (100 M), which was statistically significant at 72 h after application of 5-FU (Fig.  5C ). The chemotherapy resistance of RFPL4A-OE cells was also confirmed in a xenograft model, in which RFPL4A-OE cells could proliferate more effectively than control tumor cells under 5-FU treatment (30 mg/kg ϫ 4 days; Fig. 5D ). These results demonstrate that RFPL4A expression is closely associated with G 1 retention and inhibited proliferation of cancer cells, resulting in induction of stemness and resistance to chemotherapy, which are clearly undesirable properties in terms of cancer treatments. Knockdown of RFLP4A Decreased the G 1 Population and Increased Proliferation-Next, we generated RFPL4A knockdown HCT116 cell lines (RFPL4A-sh1 and -sh2). The reduced expression of RFPL4A in RFPL4A-sh cells was confirmed at both the mRNA (Fig. 6A ) and protein levels (Fig. 6B) . The reduction of RFPL4A was prominent in the RFPL4A high RR fraction but not significantly reduced in the basal RFPL4A lev-els in the G and R fractions (Fig. 6C) . The proportion of the red G 0 /G 1 phase population was decreased significantly in RFPL4A-sh cells (control, 60.78 Ϯ 0.02%, n ϭ 3; RFPL4A-sh1, 46.59 Ϯ 0.03%, n ϭ 3, p ϭ 0.0209; RFPL4A-sh2, 45.96 Ϯ 0.02, n ϭ 3, p ϭ 0.0077), suggesting their proliferative tendencies (Fig. 6D) . Flow cytometric analyses also showed that the proportion of the red G 0 /G 1 fraction in the RFPL4A-sh cells was decreased (control, 56.53 Ϯ 0.75%, n ϭ 3; RFPL4A-sh1, 42.60 Ϯ 1.10%, n ϭ 3, p ϭ 0.0005; RFPL4A-sh2, 38.30 Ϯ 1.78, n ϭ 3, p ϭ 0.0007; Fig. 6E ). Furthermore, the red fluorescence intensity of RFPL4A-sh cells was significantly lower than that of the control (Fig. 6F) . Concordantly, RFPL4A-sh cells demonstrated significantly higher proliferative activity in vitro (Fig. 6, G and H) and in vivo (Fig. 6, I-K) . Knockdown of RFLP4A Decreased Its Stemlike Nature and Increased Sensitivity to Chemotherapy-We also examined the effect of down-regulating RFLP4A on the stemness and chemotherapy resistance of the cells. RFPL4A-sh cells showed lower sphere-forming capacity and higher reactive oxygen species levels than did controls (Fig. 7, A and B) . Additionally, RFPL4A-sh cells showed lower viability in the presence of 5-FU in vitro (100 nM), which was statistically significant at time points longer than 72 h after application of 5-FU (Fig. 7C) . Increased susceptibility to chemotherapy of the RFPL4A-sh cells was also evident in a xenograft model, in which RFPL4A-sh cells proliferated less under periodic 5-FU treatment (30 mg/kg ϫ 4 days) compared with controls ( Fig. 7D) . These results demonstrated that suppression of RFPL4A expression increased the susceptibility of cancer cells to chemotherapy; this could be useful for radical treatment against intractable cancers.
RNAi-based Inhibition of RFPL4A Expression Increased Susceptibility to Chemotherapy in Vivo-Thus, we have demonstrated that RFPL4A is a G 0 /G 1 maintenance factor and endows cancer cells with a stemlike nature and reduced sensitivity to chemotherapy. Next, we examined the potential of this factor as a novel therapeutic target for treating chemotherapy-resistant cancers. Subcutaneously inoculated HCT116 tumors were subjected to local injection of siRNAs targeting RFPL4A or of a scrambled control siRNA (Fig. 8A) . Injected siRNAs were preincubated with atelocollagen to facilitate their introduction into target cells (22, 23) . The mice displaying inoculated tumors were then treated with 5-FU (30 mg/kg ϫ 5 days). Treatment of RFPL4A-siRNAs concurrent with 5-FU reduced tumor development significantly (Fig. 8, B and D) , suggesting that blocking RFPL4A may a promising adjuvant therapy for intractable cancers. 4) . C, viability of HCT116 cells (control and RFPL4A overexpression) was examined by time lapse imaging using confocal microscopy, and the ratios were counted by IMARIS after treatment with 100 nM 5-FU for 84 h. Cell viability is presented as the ratio of HCT116 cells at each time relative to time zero. Each bar represents the mean Ϯ S.E. (error bars) of three individual experiments (n ϭ 3 for each). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. D, effect of 5-FU therapy in NOD/SCID mice (volume of tumor (V) ϭ L ϫ W 2 /2). HCT116 cells (control and RFPL4A-OE) were injected subcutaneously into NOD/SCID mice (n ϭ 6 in each group). Cancer cells (3 ϫ 10 6 /200 l of PBS) were inoculated into subcutaneous tissue. Treatment was initiated when tumors grew to a size of 5-7 mm in diameter (ϳ14 days after injecting cells). NOD/SCID mice were treated by intraperitoneal injection of 5-FU (30 mg/kg) at days 0, 3, 7, and 11. Data represent the mean volumes of the tumors, calculated by the formula, (longest diameter) ϫ (shortest diameter) 2 ϫ 0.5. Statistical significance of the difference between the control and RFPL4A-expressing HCT116 cells was determined by two-way ANOVA. Each bar represents the mean Ϯ S.E. (error bars) of six individual experiments (n ϭ 6 for each). 
DISCUSSION
Taking advantage of time lapse confocal microscopic imaging using a Fucci reporter system (14) , we identified a characteristic population of cancer cells maintained long term in the G 0 /G 1 phase, defined as the Fucci red-retained "RR" fraction. Because it possessed stem cell-like properties, such as high sphere-initiating capacity and low reactive oxygen species production, the RR fraction may be regarded as similar to CSCs. Additionally, in microarray analyses comparing the RR and R fractions ( Fig. 3A and Table 5 ), we found dominant expression of several CSC signature molecules, such as FGF1, TGF␤1, snal2, and DLL3, supporting our theory that the RR fraction contains CSCs.
Here, we showed that RFPL4A was expressed preferentially in RR cells, the enriched fraction of CSC-like cells, in colorectal cancer cell lines. Expression of RFPL4A mRNA was found to be increased only in RR cells, with no differences between G and R cells, indicating that RFPL4A is up-regulated specifically in the G 0 phase but not in the G 1 phase. RFPL4A (Ret finger proteinlike 4A) was first identified by an in silico screening for germ cell-specific genes (30) and is a unique RFPL family member of the RING finger-containing proteins that do not have a histidine in their RING finger motif (31) . It has been demonstrated that RFPL4A targets cyclin B1 for proteasomal degradation in oocytes, a key process in meiosis (30, 32) , suggesting a general role for this molecule in cell cycle control. This notion may be supported by the observation that preferential expression of RFPL4A in RR cells was detected not only in colorectal cancer cell lines, such as HCT116, HT29, and DLD1, but also in noncancer cell lines, such as HEK293 cells (Fig. 3B) . Some of the changes induced by RFPL4A up/down-regulation were relatively small, presumably because the stemlike property in RR states may be influenced by RFPL4A as well as several other factors (33, 34) .
Many researchers have sought to develop novel cancer therapies targeting the supposed "dormant" cancer cells. For exam- ; bottom, represents control versus sh2. D, effect of 5-FU therapy in NOD/SCID mice (volume of tumor (V) ϭ L ϫ W 2 /2). HCT116 cells (control and RFPL4A-sh1/-sh2 knockdown) were injected subcutaneously into NOD/SCID mice (n ϭ 4 in each group). Cancer cells (3 ϫ 10 6 cells/200 l of PBS) were inoculated into subcutaneous tissue. Treatment was initiated when tumors grew to a size of 5-7 mm in diameter (ϳ12 days after injection of cells). NOD/SCID mice were treated by intraperitoneal injection of 5-FU (30 mg/kg) at days 0, 4, 7, and 11. Data represent the mean volumes of tumors, calculated using the formula, (longest diameter) ϫ (shortest diameter) 2 ϫ 0.5. Statistical significance of the difference between the control and RFPL4A-expressing HCT116 cells was determined by two-way ANOVA. Each bar represents the mean Ϯ S.E. (error bars) of four individual experiments (n ϭ 4 each).
ple, Fbxw7 has been shown to be required for the maintenance of quiescence in leukemia-initiating cells (9) (35), and Fbxw7deficient leukemia-initiating cells are sensitive to anti-cancer drugs. Therefore, a combination therapy of Fbxw7 ablation and an anti-cancer drug was shown to be relatively effective for the eradication of leukemia-initiating cells, resulting in a survival advantage over treatment with anti-cancer drugs alone (9) . The present data also indicate that inhibition of RFPL4A during chemotherapy eliminates colon cancer cells more effectively by preventing quiescence, compared with chemotherapy alone, a concept similar to Fbxw7-targeted therapy. Although RFPL4A was also expressed substantially in non-cancer cells, such as HEK293, and its inhibition might have some adverse effects, combination therapy using RFPL4A inhibition and conventional anti-cancer drugs may represent a promising therapeutic approach for intractable cancer patients in the future.
